Anodizing of aluminum generates a porous alumina layer comprising cylindrical nanopores (300 nm diameter) extending essentially perpendicular to the substrate. The pore distribution over the surface exhibits a short-distance order close to hexagonal arrangement. On the contrary, long-distance order cannot be defined: the arrangement is not periodic. Visual observation of such nanoporous layers shows a reddish specular reflectance consistent with reflectance spectrum measurements. This work is a parametric study aiming at demonstrating that color effects are caused by the presence of disorder illustrated by the deviations from periodicity in terms of nanopore location and nanopore radius. Using the method of Rigorous Coupled Wave Analysis (RCWA), the reflectance spectrum has been simulated. Although our calculations were done using a simple one-dimensional (1D) model, a fair fit with experimental results is found.
Introduction
Introducing disorder in a periodic structure such as a thick grating or a photonic crystal can lead to specific behaviors, such as strong absorption [1] [2] [3] , enhanced transmission [4] [5] [6] , or controllable transport properties including localization [7] [8] [9] [10] [11] . In nature, partially ordered structures with different types of disorder commonly induce selective reflection of light [12] , such as happens with iridescent or non-iridescent colors generated by partially ordered structures of bird feathers [13, 14] , or blue or purple sheen produced by partially ordered arrays of surface tubercles of beetles [15, 16] .
Anodizing of aluminum plates is known to generate a few micrometer thick alumina layer comprising cylindrical nanopores (300 nm diameter) extending essentially perpendicular to the substrate. The pore distribution over the surface exhibits a short-distance order close to an hexagonal arrangement, however long-distance order cannot be defined. Visual observation of such nanoporous layers shows bright specular reflected colors in the visible spectrum due to optical interference [17] . It was shown, for example, that nanoporous films processed by phosphoric acid show increased disorder, lower reflection, and higher color saturation compared to those processed by oxalic acid [18] . To modify the effective refractive index and the optical thickness of the reflecting film and consequently modify the observed color, other materials can be associated to these nanoporous alumina layers. For instance, carbon nanotubes have been deposited onto a nanoporous alumina layer using chemical vapor deposition, resulting in more saturated colors [19] . The color of such composite layer has been further tuned by reducing the film thickness and increasing the pore diameter using chemical etching [20] . In another example, the color of Cr-coated nanoporous alumina film was tuned by controlling the pore depth [21] . One further color tuning method of multilayer interference is to fill nanoporous alumina film with TiO 2 [22] .
Until now, the mechanism of such color effects observed for nanoporous alumina layers has been explained only in a crude way, namely, from the straightforward application of Bragg's equation with an effective refractive index [17] [18] [19] [20] [21] [22] . This approach only gives an order of magnitude of the peak positions in the reflectance spectrum, but cannot predict the whole spectrum. Rigorous two-dimensional (2D) finite-difference time-domain calculations have been performed to simulate partially ordered nanoporous alumina films illuminated in guided light conditions, i.e. parallel to the layer. These simulations showed photonic stop bands of transmittance [23] , but no results have been presented when the sample is illuminated under some arbitrary incidence. Homogenization (also called "effective medium") theories also do not account for those color effects.
In this article, we investigate the specular reflectance of a partially ordered nanoporous alumina film on an aluminum substrate by using the method of Rigorous Coupled Wave Analysis (RCWA [24] [25] [26] ). Introduction of disorder, i.e. the deviations from periodicity in terms of nanopore location and nanopore radius, has driven this work. We focus on the reflectance spectrum in the specular direction, i.e. the specular value of the normalized bidirectional reflectance distribution function (BRDF). Because the computer resources required for a full 2D investigation exceeded our possibilities, a one-dimensional (1D) model mimicking the 2D samples has been devised. Although it cannot be expected to reproduce the 2D effects completely, the present work is an attempt to at least reproduce the main trends. A model material is built based on statistical dimensional characteristics determined by image analysis of Scanning Electron Microscopy (SEM) images of a nanoporous alumina layer obtained experimentally. The simulated specular reflectance spectrum is calculated and compared with the BRDF measured experimentally. Our aim here is to determine which statistical features have the largest impact on the material's optical properties. The longer term goal is to simulate the general trend of the optical response based on morphological parameters and so be able to produce samples with specific optical effects.
Sample preparation and characterization

Sample elaboration
Through the anodizing process, alumina is formed at the surface of aluminum alloys. As described in the literature [17] [18] [19] [20] [21] [22] 27] , specific chemical processes may in particular form nanopores exhibiting a tubular structure that extends perpendicularly to the substrate throughout the alumina layer.
The sample we investigate in this work was obtained by electrochemical anodizing of 1 mm thick Aluminium-Magnesium alloy (Al 5754, 95% Al) plates with a custom-made anodizing cell. The anodizing area was 30 cm 2 . Before anodizing, the aluminium plates were polished and etched 10 min in phosphoric acid to remove the native alumina layer. The anodizing process was performed in phosphoric acid (3 × 10 −4 mol/L −1 ) under vigorous stirring in a temperature controlled bath at 195 V. It might be appropriate to point out that since the process creates a nanoporous alumina layer, alumina layer without nanopores is not available as reference for comparison.
Morphological characterization
The morphology of the alumina layer has been characterized using SEM (ZEISS Ultra 55). Figure 1 shows a top view (1(a)) and a side view taken on a fracture of the alumina layer (1(b)). The top view clearly shows a set of pores running perpendicular to the substrate, which are the main interest of this work. The side view reveals, in addition to those primary pores, another set of roughly tubular pores of slightly smaller diameter connecting the former ones and running perpendicularly to them. The first set of pores will be designated as "big nanopores" and the second as "small nanopores". From Fig. 1(a) , the porosity of the big nanopores, is estimated to be 0.32 b f = based on the surface fraction. Although significant distortion is conspicuous, we can observe on Fig. 1 (a) that the local arrangement of the big nanopores is approximately hexagonal. A model morphology of the porosity can be drawn on Fig. 1(c) , where both types of porosity are shown. Figure 1(b) gives an estimation of both the diameter and the distance between two small nanopores, the porosity of the small nanopores is then roughly estimated geometrically around 0.14
The total porosity, defined as the volumetric fraction of air in the alumina layer, can be estimated as the sum of both porosities, and is thus equal to 0.46
The filling fraction is
The thickness of the alumina layer was evaluated through SEM observations on the cross section of the sample. The cross-section exhibits rough profiles for both the aluminumalumina and alumina-air interfaces (also illustrated on Fig. 1(b) ). The thickness is then evaluated around 2.6 µm.
To evaluate the average inter-big nanopore distance, we apply 2D Fast Fourier transform of the SEM images and obtain that each big nanopore counts six nearest neighbors. Figure  1 (a) also hints at a hexagonal arrangement of the big nanopores although it is apparent only at some places. i a is defined as the average distance between the center of one arbitrary big nanopore and the center of its six nearest neighbors. i r is defined as the radius of one arbitrary big nanopore. i a and i r are both found to approximately follow normal distributions, as is further detailed in the doctoral dissertation by one of us [27] . The average spacing a , calculated over the whole SEM image, between two neighboring big nanopores 
Experimental specular reflectance spectrum
Optical measurements of the here studied sample have been carried out using a custom-made gonio-spectroreflectometer which some of us described elsewhere [28] . Throughout the present work we concentrate on the specular reflectance spectrum, which was measured with a detector solid angle (7.1 × 10 −6 steradian) smaller than the source solid angle (1.3 × 10 −5 steradian). Figure 2 shows the experimental specular reflectance of the studied sample for an incidence angle equal to 45° (dashed red curve). The reflectance increases gradually and smoothly from the blue region to the red region of the spectrum, where in addition several oscillations are visible. Our interest in this work concentrates on the general shape of this curve. The blue curve on Fig. 2 corresponds to the calculated specular reflectance considering a homogeneous non absorbing layer deposited on aluminum. The thin layer index was calculated here by applying the Maxwell-Garnett homogenization model [29] (further detailed below for another purpose) to porous alumina with porosity p f . For the refractive index of aluminum, we use Lorentz-Drude model [30] . Similar oscillations appear and can clearly be attributed to a standard thin film interference effect. Adjusting the homogeneous medium index and thickness allows matching the maxima and minima with those of the experimental curve, but the general trend is quite different, as the average reflectance remains high in the blue region. However, the choice of the exact value for the refractive index plays little role: the meaningful conclusion at this point is that the general trend of the reflectance curve cannot simply be explained by using homogenization theory. In the following, we shall investigate whether diffraction effects by "disorder" in big nanopores can account for it. In particular, the role of dispersion in the big nanopores spacing and size will be evidenced.
Modeling, simulations and discussions
Modeling method
The experimental sample has a 2D distribution of nanopores while our calculation is 1D. However, to introduce the discussion, let us at first explain the principle of our modeling work without reference to dimensionality. We simulated the specular reflectance spectrum of nanoporous alumina with RCWA. This method is based on Fourier series expansions of the permittivity and the electromagnetic fields inside the studied material. Pair correlation statistics [31] would be a more direct but less complete way to account for the same distribution of big nanopores centers. We chose to model the real material by using one rigorous electromagnetic theory to fully account for the interactions between diffracted waves from the individual nanopores. To explain how the RCWA method is implemented here, Fig. 3(a) shows the non-disturbed unit cell for a periodic hexagonal structure. The RCWA cell that we use covers several such unit cells, with all nanopore radii and locations modified according to a normal distribution to simulate the disorder, as shown on Fig. 3(b) . The calculation is repeated P times with different random realizations and averaged. In each of the P instances, the model material is therefore considered as a grating with a period much larger than the non-disturbed unit cell.
In our simulations, Fourier series expansions are limited to harm N Fourier harmonics. In the numerical implementation, we start from N identical tubular nanopores, all with the same radius r , into a periodic lattice with the same spacing a , in a nanoporous alumina layer with a thickness t . Next, we move the central locations of the pores randomly with a normal distribution of standard deviation cl σ and change their radii randomly with a normal distribution of standard deviation r σ , nevertheless preventing the nanopores from overlapping. The sample is assumed to be illuminated with collimated light coming from above the nanoporous alumina layer at an incidence angle of 45 θ =°, as in the experimental results that we seek to numerically simulate. As mentioned above, for each value of the parameters cl σ , r σ and t , we calculate P independent randomly generated model materials and then average them. To mimic non-polarized light, the results shown are an incoherent superposition of TE and TM excitation. To keep the computational load manageable, our calculations are restricted to a fixed number N of big nanopores in the nanoporous alumina film. The small nanopores and alumina material together are just considered as a homogeneous medium with an equivalent refractive index eqv n derived from the Maxwell-Garnett model [ 
where air n , the refractive index of air, is assumed to be 1 air n = , and 2 3 Al O n , the refractive index of alumina, is assumed to be nanopores (with f s = 0.14). For the refractive index of aluminum Al n , we use Lorentz-Drude model [30] .
To reach appropriate conclusions in a reasonable time considering the computing resources available, we had to perform the simulations on a 1D model. As measurements were taken on real, and therefore 2D samples, we conducted numerical simulations in 2D, but only on a fairly limited number of cases and with low values of harm N and P , resulting in limited accuracy and reliability. It is therefore essential to properly design a 1D model that will most closely, if definitely not exactly, mimic the 2D effects. Those 1D simulations are the main subject of this work. In the following, although 1D depletions are in fact "grooves" rather than "pores", we keep the term "nanopore" by analogy with the real samples that we are simulating. For the 1D version we selected the average spacing between two nanopores to be identical to the 2D value. Systematically denoting with primed symbols the 1D quantities, that is expressed as 334 a a a ′ = = = nm. We selected the nanopore average radius in such a way as to keep the volume fraction of big nanopores equal to 0.32 b f = , which leads to
Sections S1, S2, and S3 of the supplement show how the values for N and P , together with the number of harmonics in the Fourier series expansion were selected. In section S4 we also show, on one fairly simple case, that a 1D simulation reproduces the 2D simulation relatively well. Further discussion about the statistical distributions used in 1D compared to the 2D experimental evidence is provided in section S5. The thickness of the nanoporous alumina film is taken equal to 2538 t = nm. The choice of this value is explained in section S6. In this and all subsequent simulations, the wavelength was sampled by steps of 2 nm. The amplitude and the oscillation of the reflectance spectrum decrease greatly when the standard deviation increases from 0 nm to 30 nm, approaching the experimental curve. Then the amplitude tends to saturate and the oscillation decreases in the blue region, while in the red region the amplitude and the oscillation keep decreasing when the standard deviation changes from 30 nm to 50 nm.
Dispersion in the nanopore central location
Disorder in the spacing between nanopores gives the proper behavior in the red region of the spectrum. Although it does not give satisfactory results in the blue region, these curves nevertheless clearly suggest that disorder in the big nanopores spacing plays a central role in the behavior of these structures, which cannot be explained just by homogenization techniques. Nevertheless, that is not enough for a good fit and the variance in the radius may play a role. Here, we fixed the alumina nanopores center on the periodic lattice and generated model materials with an elementary cell consisting of 25 N = alumina nanopores, with a random variation of the radius size following a normal distribution with a standard deviation ' r σ . ' r σ was increased from 0 nm to 25 nm in steps of 5 nm. The resulting reflectance spectra are shown on Fig. 5 . The amplitude and the oscillation of the reflectance decrease gradually when the radius variation amplitude changes from 0 nm to 15 nm. Similarly, the amplitude and modulation saturate in the blue region while they keep decreasing in the red region.
Dispersion in the radius value
The main differences between the present simulation and the previous one presented in Section 3.2 are stronger oscillations in the blue region in the present case and a saturation of the average reflectance (aside from the thin film interference oscillations) in the red region. For a better fit of the experimental reflectance, we should combine random fluctuations in both the central location of the nanopores and their radius. Rather than trying an optimization, our approach was to select the values of the standard deviation of those two random parameters from observations of SEM images of our sample. Fig. 6 together with the experimental result. The simulated curve provides a relatively good fit of the experimental result in the red region from 550nm to 850nm. In the blue region, there are oscillations on the simulated curve, but there is no oscillation on the experimental curve and the amplitude of the simulated reflectance is larger than that of the experimental result. This issue will be considered below. To address the issue of the discrepancy between experimental data and our previous simulations in the blue region, we investigated the role of the small nanopores. We inserted one small nanopore with the radius ' 22.7 2 s s f a r ′ ⋅ = = nm between each pair of neighboring big nanopores and parallel to them. This crude description would only account for the presence of small nanopores but not for the orientation. Big nanopores description is kept with the same statistical parameters as that of Fig. 6 . The reflectance spectrum of this kind of alumina nanopores layer has been calculated and shown together with the experimental result on Fig. 7 . By introducing small nanopores into the simulation model, we can see that the oscillations of the reflectance are reduced in the blue region while the amplitude of the reflectance in the red region also decreases because the small nanopores scatter more incident energy, especially in the blue region. This indicates that a more sophisticated model for small nanopores together with a revision of the parameter set developed above could lead to improved results. In that model, the existence of small nanopores with various orientations, including parallel to the substrate, should be taken into account. On Fig. 7 , the difference between TE and TM polarizations is also shown. The TM reflectance curve is seen to drop to lower values in the blue region and to show damped oscillations.
Fitting the simulation parameters with morphological parameters of the real material
Discussion about the blue region (λ = 350-500 nm)
Conclusions
We have modeled the reflectance of a partially ordered nanoporous alumina layer on aluminum substrate by using RCWA method and by considering normally distributed variations of the central locations and radius sizes of the alumina nanopores. Our 1D model is in accordance with the fact that such samples exhibit relatively saturated reddish -orange colors in the specular direction. While the oscillations in the reflectance spectrum corresponding to thin film interferences between the alumina layer top and bottom interfaces were well reproduced by numerically adjusting the thickness value in our model, no such optimization was necessary to reproduce the general trend of the reflectance function, which, starting from the red end of the spectrum, progressively decreases to end up with fairly low values in the blue region. Instead, the statistical average and standard deviation of big nanopores radius and location derived from SEM images observations were appropriate to reproduce that trend. Of course, we cannot claim that no other explanation is possible but we can say that the model of disorder that we simulated does reproduce the main trends observed experimentally.
Future work on this subject should address the most conspicuous departure of our simulation results from experimental ones, which at this stage is the fact that the reflectance in the blue region is fairly low and does not show any oscillation, while our model predicts a small but nevertheless higher value, and shows interference oscillations. We expose here below four directions that should be explored to solve that remaining discrepancy and will deserve further investigation:
i) The low value in the blue could be a strictly 2D effect with no 1D equivalent. In particular, the difference between TE and TM polarization may well be different in 1D compared to 2D.
ii) Another possibility is that larger RCWA elementary cells are required for a good fit in the blue region. Section S3 in the supplement tends to suggest that the issue is worth exploring.
iii) The bottom of the alumina surface at the aluminum interface is rough, as can be easily observed experimentally with a SEM. That roughness is likely to scatter blue wavelengths more than red ones. Further 1D simulations could address that issue.
iv) Most probably, taking into account small nanopores in a more complete way than in Section 3.5, while fairly heavy from a computational point of view, is a promising approach.
